In this study, we attempted to quantify light absorption by insoluble light-absorbing particles (ILAPs) such as black carbon (BC), organic carbon (OC) and iron oxides in snow using an optical method directly and compared the results with those obtained using optical and chemical analysis methods cooperatively in previous studies. The mass absorption coefficients (MACs) and absorption Ångström exponents (AAEs) of pure hematite, goethite and fullerene soot were also measured using an integrating sphere/integrating sandwich (ISSW) spectrophotometer in the laboratory. The results indicated that the MACs of pure hematite and goethite are 0.97 ± 0.02 m 2 ·g −1 and 0.43 ± 0.01 m 2 ·g −1 at 550 nm, and their AAEs are 5.53 ± 0.47 and 2.18 ± 0.16 from 550 nm to 750 nm, respectively. The MAC and AAE of fullerene soot are 6.40 ± 0.42 m 2 ·g −1 at 550 nm and 0.54 ± 0.06 from 450 to 750 nm. By using the regionally average AAEs of non-BC components in snow, we evaluated the performance of a directly optical analysis, rather than combination of the optical and chemical methods, in quantifying the light absorption of BC, OC and Fe in snow samples. We found that the directly optical method used to measure the light absorption of BC and OC in Northern China snow has substantially low biases of 6.29% and 4.27% in median comparing to previous method. However, the high biases in estimating light absorption of Fe (33.01%) may be associated with the significant underestimation of the AAE of Fe.
Introduction
Black carbon (BC), water-insoluble organic carbon (hereinafter simply OC) and mineral dust (MD) are three major types of insoluble light-absorbing particles (ILAPs) in the atmosphere. They can significantly influence the regional and global climate by scattering and absorbing solar radiation [1, 2] , modify cloud microphysical properties [3, 4] , and thus alter precipitation efficiency [5, 6] . Once ILAPs are deposited onto snow or ice, they can significantly reduce the snow albedo and thereby increase the absorption of solar radiation, leading to the acceleration of snow melting (defined as the snow darkening effect; SDE) (e.g., [7] [8] [9] [10] [11] [12] [13] [14] and references therein). As the most absorptive impurity per unit mass in snow, BC has attracted a significant amount of attention (e.g., [7, [15] [16] [17] [18] [19] [20] [21] [22] ). Warren and Wiscombe [7] suggested that 1 µg·g −1 BC in snow or less can reduce the visible-wavelength snow 
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First, a given mass of samples (e.g., 1.0 mg for fullerene soot and 4.0 mg for hematite or goethite) was weighed using a semi-micro balance. Second, the samples were placed into pre-cleaned glass breakers with a certain volume of ultrapure water (e.g., 1.5 L). Then, the liquid samples were sonicated for 10 min and stirred with a glass bar for effective mixing. To reduce artificial influences and make comparisons, two parallel tests were simultaneously conducted in each experiment. In each parallel test, we filtrated the same volume of samples from a glass breaker. Nuclepore filters of 0.4 μm pore size (fullerene soot) and 0.2 μm pore size (goethite or hematite) were weighed before and after the filtrations. A blank filter was used to decrease uncertainties during the weighing process for the sample filters. Finally, all of the filters were fully dried in a dryer over 24 h.
The procedures for snow samples and fullerene soot/commercial iron oxides are pretty close. The only difference is that most of the snow samples were filtrated through a 0.4 μm Nuclepore filter at temporary labs during snow surveys to prevent the losses of ILAPs due to snow melting in plastic bags. Details have also been reported in previous studies [16, 19] .
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MAC and AAE Calculations for Goethite and Hematite
Like many filter-based measurements, such as the Particle Soot Absorption Photometer (PSAP), Aethalometer, Thermal/Optical Carbon Analyzer, etc., the ISSW instrument is commonly used to assess light absorption of ILAPs based on Mie theory. It measures the attenuation (ATN) of a diffusing light field crossing the deposition spot. The ATN is defined as ATN = -100 · ln(
in which I is the intensity of the light after crossing the particle-loaded filter, and I 0 is the signal when the light passes the blank filter. Similar to the Aethalometer, MAC meas of specific particles on the filter measured by the ISSW instrument can be calculated as follows [44] : 
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MAC and AAE Calculations for Goethite and Hematite
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in which I is the intensity of the light after crossing the particle-loaded filter, and I 0 is the signal when the light passes the blank filter. Similar to the Aethalometer, MAC meas of specific particles on the filter measured by the ISSW instrument can be calculated as follows [44] :
where L (µg·cm −2 ) is filter loading of particles deposited on the filter. Filter-based measurements of light absorption show some responses to multiple absorption and scattering by particles [41] . Weingartner et al. [45] used two empirical factors, C and R (ATN), to convert Aethalometer attenuation measurements to "real" aerosol absorption coefficients. Subsequently, the factors were used to correct the results of Thermal/Optical Carbon Analyzer [44] . Bond et al. [41] presented a method for correcting artifacts in PSAPs:
where K 1 and K 2 are constants and MSC (unit in m 2 ·g −1 ) is the mass scattering coefficient of particles deposited on the filter. Alfaro et al. [46] applied Equation (3) to the Aethalometer and calculated the MAC of pure dust samples, which are characterized by high single scattering albedo (SSA) aerosol and quite different from BC. Because we cannot directly derive the MSC, using SSA = MSC/(MSC + MAC), we can transform Equation (3) into the following formula:
where K * 1 = K 1 · SSA 1 − SSA , for convenience below. K 1 and K 2 values have been experimentally determined by Bond et al. [41] and for the intercomparison between three filter-based measurements (PSAP, Integrating Plate (IP) and the Hybrid Integrating Plate System (HIPS)). Based on the similar principles between IP and ISSW [22, 40, 47, 48] , we adopted values of 0.09 and 1.23 for K 1 and K 2 , respectively, at 550 nm from Bond et al. [41] .
Sokolik and Toon [31] illustrated that the SSA for hematite is approximately 0.6 at wavelengths less than 600 nm and shows weak dependence on particle size, ray type and wavelength. Bedidi and Cervelle [49] computed the light scattering albedo of spherical particles with goethite-like refractive indexes. Their study indicated that the SSA of goethite-like particles having diameters exceeding 1 µm is nearly constant (0.60) over the entire spectral range (400 nm to 700 nm). Therefore, we selected 0.6 for the SSAs of both hematite and goethite in our study. The SSA of freshly generated BC has been measured in the range from 0.10 to 0.28 [3] . In this study, we used 0.20 for the SSA of BC, which represents the middle value of this range.
To analyze the wavelength dependence of pure particle samples, we measured the AAEs of goethite, hematite and fullerene soot using power exponent fitting from 450 nm to 750 nm. However, there were some problems in the light absorption spectrum of goethite and hematite within the entire wavelength band. Therefore, only the AAEs of goethite and hematite from 550 nm to 750 nm were used. These issues will be fully discussed in Section 3.2.
Re-Calculating the Light Absorption of BC, OC and Iron Oxides
Based on the measured absorption spectrum, we computed the absorption Ångström exponent of the snow samples, Å tot , which describes the absorption wavelength dependence of all the ILAPs on the filters. The exponent is calculated from the following formula:
where the values of λ 0 , λ 1 and λ 2 are 525, 450 and 600 nm, respectively. τ tot is the absorption optical depth (AOD) for all ILAPs on the filter. To separate the absorption contribution from BC and non-BC components (e.g., OC and iron oxides), we used the differences in their absorption Ångström exponents following Grenfell et al. [40] , which was also applied in Doherty et al. [19] and Wang et al. [16] for the analysis of Arctic snow and Northern China snow samples, respectively. The absorption Ångström exponent of all ILAPs on a filter (Å tot ) can be described as a linear combination of the exponent for the BC (Å BC ) and non-BC (Å non-BC ) components weighted by the light absorption fraction of the BC (f BC ) and non-BC (f non-BC ) absorbers using a Taylor series expansion [40] :
where f non-BC = 1 − f BC . Therefore, we can calculate f BC (λ 0 ) using Equation (S3) in the supplementary material if Å tot (λ 0 ), Å BC and Å non-BC are known. Then using Equation (S4) and Equation (S5), L est BC can be derived. In this study, Å BC = 1.1 was used, which is a feasible value for the absorption Ångström exponent of externally mixed BC [3] . The value of Å non-BC depends on the content of non-BC ILAPs. The non-BC absorbers are thought to be dominated by iron oxides and organic carbon in the seasonal snow of China [16] . In this study, Å Fe was assumed to be 3.0 [16] . Å OC can vary greatly due to various mix of soil organics and combustion brown carbon from different regions. Some studies have focused on the AAE of organic aerosols, including brown carbon, biomass burning organics and humic-like substance (HULIS) [14, [50] [51] [52] [53] [54] [55] . Clarke et al. [14] showed that the mass absorption efficiency of refractory OC is approximately 0.63 m 2 ·g −1 at 470 nm and 0.09 m 2 ·g −1 at 530 nm based on a field experiment in northern America. Their results indicated a very high AAE, i.e., approximately 16, at such a short wavelength band. Values in other studies have ranged from approximately 3 to 7, depending on the burning material, burning temperature and composition [16] . Following Wang et al. [16] , we selected the value of 6 for Å OC , which is between the value of 5 used for combustion organics by Doherty et al. [19] in analyzing Arctic snow samples and the higher values of Å (approximately 6-7) for HULIS [54] .
Based on the optical analysis for the ILAPs in snow samples, we would like to know whether Å non-BC at every site could be replaced by an average value that is representative of a certain area. If feasible, there is no need for chemical analyses to obtain the iron concentration, making the method much easier and more effective.
After analyzing the Å non-BC data from the two field campaigns, we grouped the sample sites into several regions, as shown in Figure 1 . We used the regional average of the non-BC Ångström exponent (Å ave non-BC ) instead of the original non-BC Ångström exponent (Å ori non-BC ) to recalculate the BC loading for selected sites. When the BC loadings were already known, we calculated the OC and iron oxides AODs and loadings using the following equation:
where the values of MAC BC , MAC OC and MAC Fe were chosen to be 6.3 m 2 ·g −1 , 0.3 m 2 ·g −1 and 0.9 m 2 ·g −1 at 550 nm, separately, which followed Wang et al. [16] . Using the assumed mass absorption coefficients for BC, OC, and Fe in Equation (7) at the wavelengths of 450 and 600 nm, the mass loadings of OC and Fe could be estimated.
Here, taking the accuracy of the ISSW analysis into account [40] , we only used the data with estimated BC loadings below 8 µg·cm −2 (filled symbols in Figure 1 ) in the re-calculating process.
Results and Discussion
MACs of Fullerene Soot and Iron Oxides
The MACs of ILAPs measured in our study are shown in Figure 2 and Table 1 . Linear regression equations and correlation coefficients of regressions (R) are also given in Figure 2 respectively, at 550 nm. The measured MAC of fullerene soot is consistent with the assumed MAC BC used in the optical method (6.3 m 2 ·g −1 at 550 nm) in this study. Some previous studies have measured diesel particle MACs of 7.3, 7.4 and 8.3 m 2 ·g −1 using an integrating plate approach [56] [57] [58] . In addition, Ballach et al. [59] obtained a value of 6.5 m 2 ·g −1 at 550 nm for pure black carbon using an integrating sphere, and Clarke and Noone [22] reported a range of 6.6 to 8.0 m 2 ·g −1 at 550 nm also for MAC of standard soot particles. These two studies show good agreement with the results of our study, which also indicates that it is suitable to use the K 1 and K 2 correction factors for IP in this study.
However, limited studies have reported the MACs of goethite and hematite particles. Bedidi and Cervelle [49] simulated the variations of scattering and absorption properties for single spherical mineral particles using goethite-and hematite-like complex refractive indexes as a function of wavelength and particle diameter. For particles with a hematite refractive index and intermediate diameters (0.2 µm to 1.0 µm), the absorption efficiency at 550 nm ranges from approximately 1.0 to 1.2. These results are consistent with our findings. For particles with a diameter of 0.2 µm, the absorption efficiency has been found to be approximately 0.6 at 550 nm, which is slightly higher than the value of 0.43 m 2 ·g −1 in our study. Utry et al. [60] determined the MACs of various mineral dust components using a multi-wavelength photoacoustic instrument system at 1064, 532, 355 and 266 nm. They presented the aerosol-phase MAC spectra of the most abundant mineralogical dust components. The MAC of hematite was found to be 0.54 ± 0.1 m 2 ·g −1 at 532 nm, which is approximately half of our result. The possible reasons for this difference are as follows: (1) The photoacoustic instrument and ISSW spectrometer have different methodological theories. The photoacoustic method is based on the absorption of periodically modulated light and the subsequent non-radiative relaxation of excited aerosol particles [60] and is a filter-free measurement. Alternatively, the ISSW spectrometer is a filter-based instrument and estimates the absorption of aerosols according to light attenuation through blank and loaded filters; (2) The study used different particle grain sizes for the sampled hematite. It is known that the aerosol optical properties are significantly influenced by particle diameters. For instance, volume absorption cross-sections of BC particles range from approximately 1 to 9 m 2 ·cm −3 depending on the particle diameters [61] .
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AAEs of Fullerene Soot and Iron Oxides
The AAEs for the measured particles are also shown in Table 1 . Measurement studies have shown that externally mixed BC dominates absorption when the AAE is close to 1 [3] . However, sufficiently small BC particles (e.g., diameter of 10 nm) are required for AAE to be 1, and some ambient measurements have provided evidence that large BC cores can result in AAEs of less than 1 [62] [63] [64] . For example, Bahadur et al. [64] observed a relatively low AAE for ambient BC, i.e., 0.55 ± 
The AAEs for the measured particles are also shown in Table 1 . Measurement studies have shown that externally mixed BC dominates absorption when the AAE is close to 1 [3] . However, sufficiently small BC particles (e.g., diameter of 10 nm) are required for AAE to be 1, and some ambient measurements have provided evidence that large BC cores can result in AAEs of less than 1 [62] [63] [64] . For example, Bahadur et al. [64] observed a relatively low AAE for ambient BC, i.e., 0.55 ± 0.24, between 440 nm and 675 nm. Gyawali et al. [65] simulated the AAE variations depending on the BC core diameter. Their results showed that the AAE between 405 and 870 nm is approximately 1.11 for a BC particle diameter of 0.07 µm, decreasing toward zero for larger spheres, i.e., diameter of approximately 100 µm. In our study, the average AAE of 0.54 ± 0.06 for fullerene soot is consistent with the results of Bahadur et al. [64] and within the possible range of −0.24 to 1.11 depending on the diameters from the theoretical calculations [65] .
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Comparison of Loading and Light Absorption Fraction of ILAPs
The purpose of this section is to assess a new method to calculate the mass loadings and light absorption fractions of ILAPs using the regionally average Å non-BC instead of the estimated values. First, we separated the snow sampling sites into several regions based on the occurrence of similar ILAP sources as reported by Pu et al. [67] and Wang et al. [16] . The regional averages of Å non-BC are shown in Figure 5 . We note that the standard deviations in each region are calculated by using the datasets of all snow samples, which are widely representative for the regionally average absorption Ångström exponents of other light-absorbing impurities than BC. There is an obvious regional variation over Northern China. Region 2 has the smallest Å non-BC (4.7); this is the cleanest region in terms of ILAPs in snow, and the region is located at the northern border of China, which is near Siberia. In this region, BC dominates the particle light absorption, and the relative contributions to absorption by OC and Fe are roughly equal [16] . On the contrary, Region 5 has the largest Å non-BC (5.8); this area is located on the eastern edge of the Tibetan Plateau in Qinghai Province and is characterized by thin and patchy snow. In this region, OC dominates the absorption in seasonal snow, and the fractional contribution reaches approximately 70%. However, the light absorption fraction of Fe is quite small (approximately 5%) [67] . Å non-BC in the other five regions varies between the values of Region 2 and Region 5. Subsequently, we replaced the estimated Å non-BC by the regionally average values to calculate the mass loadings and fractional light absorptions of BC, OC and Fe based on Equation (7). 
The purpose of this section is to assess a new method to calculate the mass loadings and light absorption fractions of ILAPs using the regionally average Å non-BC instead of the estimated values. First, we separated the snow sampling sites into several regions based on the occurrence of similar ILAP sources as reported by Pu et al. [67] and Wang et al. [16] . The regional averages of Å non-BC are shown in Figure 5 . We note that the standard deviations in each region are calculated by using the datasets of all snow samples, which are widely representative for the regionally average absorption Ångström exponents of other light-absorbing impurities than BC. There is an obvious regional variation over Northern China. Region 2 has the smallest Å non-BC (4.7); this is the cleanest region in terms of ILAPs in snow, and the region is located at the northern border of China, which is near Siberia. In this region, BC dominates the particle light absorption, and the relative contributions to absorption by OC and Fe are roughly equal [16] . On the contrary, Region 5 has the largest Å non-BC (5.8); this area is located on the eastern edge of the Tibetan Plateau in Qinghai Province and is characterized by thin and patchy snow. In this region, OC dominates the absorption in seasonal snow, and the fractional contribution reaches approximately 70%. However, the light absorption fraction of Fe is quite small (approximately 5%) [67] . Table 2 shows the relative biases of the loadings (or fractional absorptions) as a result of using the regionally average Å non-BC instead of the estimated values; the relative biases are denoted as δ i , where the subscript i represents different types of ILAPs (BC, OC or Fe). Due to the definitions of relative bias and fractional absorption, the values of δ i calculated from the loading and fractional absorption are similar at each site, which is also shown in Table 3 Table 2 shows the relative biases of the loadings (or fractional absorptions) as a result of using the regionally average Å non-BC instead of the estimated values; the relative biases are denoted as δ i , where the subscript i represents different types of ILAPs (BC, OC or Fe). Due to the definitions of relative bias and fractional absorption, the values of δ i calculated from the loading and fractional absorption are similar at each site, which is also shown in Table 3 Table 2 , δ BC also shows low value of the 50th percentile (median), which is only 6.29%. In Figure 6b , L OC shows even smaller variation, with a high correlation coefficient of 0.99 and median value of δ OC that is only 4.27%, which is smaller than the median δ BC . Since the measured and calculated loadings of BC and OC show good correlation, the new method is reasonable and reliable for calculating the BC and OC loadings in Northern China snow. Given that ILAPs deposited on snow and ice can affect the climate by absorbing solar radiation, we are more interested in the light absorption rather than their amounts. Figure 7a In Table 2 , the percentiles of δ Fe are also shown, which indicates that the relative biases of iron have the largest variations among the studied ILAPs in snow. The median value of δ Fe (33.01%) is more than five times and eight times above δ BC and δ OC , respectively. In the next section, variations in the loading and relative absorption fractions of iron are discussed in detail based on sensitivity experiments that account for possible biases in the mass absorption coefficient and absorption Ångström exponents of ILAPs. Given that ILAPs deposited on snow and ice can affect the climate by absorbing solar radiation, we are more interested in the light absorption rather than their amounts. Figure 7a In Table 2 , the percentiles of δ Fe are also shown, which indicates that the relative biases of iron have the largest variations among the studied ILAPs in snow. The median value of δ Fe (33.01%) is more than five times and eight times above δ BC and δ OC , respectively. In the next section, variations in the loading and relative absorption fractions of iron are discussed in detail based on sensitivity experiments that account for possible biases in the mass absorption coefficient and absorption Ångström exponents of ILAPs. 
Sensitivities of the Loading and Relative Absorption Fraction of Iron
As mentioned above, the largest biases are due to iron oxides when calculating the mass loadings and fractional light absorptions of ILAPs. To calculate the mass loadings of iron, we estimated the MAC of iron to be 0.9 m 2 ·g −1 at 550 nm by assuming that all iron oxides are goethite based on Wang et al. [16] . However, there are respectable amounts of hematite in Northern China snow. The higher MAC of hematite results in a lower derived iron loading. In our experiments, 0.43 and 0.97 m 2 ·g −1 were derived as the MACs of goethite and hematite, respectively, at 550 nm; thus, the values of 0.4, 0.9 and 1.0 were used in the sensitivity tests. To calculate the non-BC absorption Ångström exponents of the ILAP samples, we assumed that Å Fe = 3.0 for goethite, although the Å Fe of hematite was 5.3 from 550 nm to 750 nm based on our results. To calculate the light absorption fraction of BC, we assumed a value of 1.1 for Å BC , which is an estimated value for atmospheric soot particles [3] . In this study, the measured Å BC was lower (i.e., 0.54), and the theoretical upper bound possible for Å BC can be as high as 1.6 according to Lack and Cappa [62] . Hence, the values of 0.5, 1.1 and 1.6 for Å BC were selected for the sensitivity test. 
As mentioned above, the largest biases are due to iron oxides when calculating the mass loadings and fractional light absorptions of ILAPs. To calculate the mass loadings of iron, we estimated the MAC of iron to be 0.9 m 2 ·g −1 at 550 nm by assuming that all iron oxides are goethite based on Wang et al. [16] . However, there are respectable amounts of hematite in Northern China snow. The higher MAC of hematite results in a lower derived iron loading. In our experiments, 0.43 and 0.97 m 2 ·g −1 were derived as the MACs of goethite and hematite, respectively, at 550 nm; thus, the values of 0.4, 0.9 and 1.0 were used in the sensitivity tests. To calculate the non-BC absorption Ångström exponents of the ILAP samples, we assumed that Å Fe = 3.0 for goethite, although the Å Fe of hematite was 5.3 from 550 nm to 750 nm based on our results. To calculate the light absorption fraction of BC, we assumed a value of 1.1 for Å BC , which is an estimated value for atmospheric soot particles [3] . In this study, the measured Å BC was lower (i.e., 0.54), and the theoretical upper bound possible for Å BC can be as high as 1.6 according to Lack and Cappa [62] . Hence, the values of 0.5, 1.1 and 1.6 for Å BC were selected for the sensitivity test.
The comparison between L Fe(m) and L Fe(c) and between f Fe(m) and f Fe(c) in different cases denoted in the legend are shown in Figure 8 , and the percentiles of these six cases are listed in Table 3 . The blue dots in Figure 8 were derived under the conditions of Å BC = 1.1, MAC Fe = 0.9 and Å Fe = 3.0; for the convenience of discussion, this will be called the "base case" hereinafter. Other cases are shown in different colors. The linear correlation coefficients (r) of different cases are also shown in the figure, and the statistical significance of the correlation coefficients are all at a confidence level >99%. 
Conclusions
The MACs and AAEs of goethite, hematite and fullerene soot were measured using an ISSW spectrometer. To correct for light scattering and multiple absorption artifacts, we adopted the correction method from Bond et al. [41] . For Figure 8a , MAC Fe and Å Fe were held constant, and we replaced Å BC with 0.5 and 1.6. When Å BC is 0.5, the correlation coefficient is 0.57, and when Å BC is 1.6, the calculated loadings exhibit poorer agreement with the measured values (r = 0.40). However, these correlation coefficients change relatively little when compared with the "base case" (r = 0.44). For Å BC varying from 0.5 to 1.6, the distributions of δ Fe are roughly consistent, as shown in Table 3 . Then, we replaced the MAC of Fe with 0.5 and 1.0 and held the other parameters constant (Figure 8b ). When MAC Fe is larger (smaller) than 0.9, L Fe(m) and L Fe(c) are smaller (larger) than those in the "base case". However, the different MACs of Fe do not change r and δ Fe between L Fe(m) and L Fe(c) . This finding indicates that MAC Fe has no effects on the uncertainties of iron loadings in the new method. As shown in Figure 8c , we changed Å Fe to 5.0 and held the other parameters fixed. The linear coefficient between L Fe(m) and L Fe(c) improves dramatically to 0.88; much lower δ Fe (14.40% in median) than that in the "base case" (33.01% in median) appears. Variations between the measured and calculated light absorption fraction of iron are also shown. In Figure 8d , when Å BC is 0.5 and 1.6, the correlation coefficients are 0.77 and 0.60 between f Fe(m) and f Fe(c) , respectively. Compared to the r value of 0.67 in the "base case", these changes are small. In Figure 8e , using Å Fe of 5.0, the pattern changes significantly, i.e., f Fe(m) and f Fe(c) are much more relevant (r = 0.93) than in the "base case". f Fe remains the same regardless of whether MAC Fe = 0.5 or MAC Fe = 1.0; thus, these results are not shown in Figure 8 .
We found that Å Fe results in the largest variations in L Fe and f Fe , while Å BC changes the correlation between the measured and calculated values slightly. MAC Fe has no effect on the uncertainties of iron loadings in the new method. Therefore, we suspect that the underestimation of Å Fe is responsible for the uncertainties when calculating iron mass loadings and light absorption fractions.
We note that most of the values agree well in Figure 8 , although there are still some negative values. The reason can be concluded as the lowest relative light absorption contribution of Fe compared with BC and OC. Therefore, a slight change in the BC loading may lead to a negative AOD of iron according to Equation (7) and a negative Fe loading. However, we found that even when using the original non-BC absorption Ångström exponents for the snow samples, 4% of the values remained negative, which is comparable with the results calculated from Å ave non-BC . Therefore, we posit that the new method of using ISSW instruments to separate the light absorption of ILAPs in snow should be effective and accurate.
The MACs and AAEs of goethite, hematite and fullerene soot were measured using an ISSW spectrometer. To correct for light scattering and multiple absorption artifacts, we adopted the correction method from Bond et al. [41] . The MACs of fullerene soot, hematite and goethite were 6.40 ± 0.42, 0.97 ± 0.02 and 0.43 ± 0.01 m 2 ·g −1 , respectively, at 550 nm after correction. The AAE of fullerene soot was 0.54 ± 0.06 from 450 to 750 nm. The AAEs of goethite and hematite were approximately 2.18 ± 0.16 and 5.53 ± 0.47, respectively, from 550 nm to 750 nm. Within the shorter wavelengths (450 nm to 550 nm), the absorption of hematite became nearly constant, and the AAE decreased to 3.67 ± 0.36 from 450 nm to 750 nm. Moreover, the absorption of goethite increased sharply at short wavelengths, and the AAE approached 5.30 ± 0.20 over the entire wavelength band (450 nm to 750 nm).
We developed a new method to calculate mass loadings and light absorption fractions for ILAPs in Northern China snow using the average non-BC absorption Ångström exponents, which have regional characteristics, instead of estimated values. Comparisons between the measured and calculated values of L est BC , f est BC , L OC , and f OC all show good agreement; the correlation coefficients were found to be 0.98, 0.98, 0.99 and 0.97, respectively. The median relative biases of BC and OC were only 6.29% and 4.27%, respectively. However, high relative biases of Fe (median of 33.01%) were found. We note that δ Fe exhibited a large variation when Å Fe was changed within the assumed possible values; variations of Å BC affected δ Fe slightly, whereas MAC Fe had no effect on δ Fe .
We posit that the new method to calculate the mass loading and fractional light absorption of ILAPs is reliable. However, quantifying the light absorption by iron oxides still represents significant challenges. To improve the optical method, more accurate optical properties of ILAPs, especially the AAEs of iron oxides, are requested. Therefore, many more laboratory tests and field campaigns are needed.
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